We present the results of the technology developments which lead to the manufacturing of the first integrated optics 2-telescope ABCD unit and 4-telescope DBC component for L-band, mid infrared stellar interferometry. All the samples were manufactured with ultrafast laser inscription in Gallium Lanthanum Sulfide and were characterized in near field with monochromatic light at the wavelength of 3.39 µm. The choice of the laser writing parameters and the control of long range stresses arising from the manufacturing process are discussed taking in consideration the measured interferometric calibration data.
INTRODUCTION
In the context of the collaborative project ALSI aiming at the development of multi-telescope beam combiners for mid-infrared interferometry, we present in this poster the work on design optimization and fabrication of multi-telescope beam combiners based on the ABCD 1 and DBC 2 combination scheme.
Over the past 4 years, we have developed integrated optical circuits of increasing complexity using ultrafast laser inscription (ULI) in Gallium Lanthanum Sulfide. ULI consists in inducing permanent local modifications of the refractive index of a substrate material by tightly focusing a femtosecond laser beam in it. Waveguides with controlled shape were written by stacking transversally several passes of the laser inscription operated in deep thermal regime. Feedback for the manufacturing of the IO components was provided by exciting the waveguides at a wavelength of 3.39 µm and recording the near field by means of an infrared camera. A laser writing parameter scan allowed us to identify the best configuration for high light confinement, which features a refractive index of ∼ 7 · 10 −3 and propagation losses al low as 0.30 ± 0.15 dB/cm. Manufactured raised-sine bends had a measured loss of < 1 dB/bend for curvature radii larger than 50 mm. We found that the writing of more complex composite structures like couplers and arrays of waveguides is affected by the onset of long range stresses induced by the manufacturing process. 3 In particular, the waveguides written in stressed material show a higher effective refractive than the ones written in unstressed one. We have developed a stress compensation technique for periodic arrays of waveguides, which are the basis for the DBC combination scheme.
On the basis of the accumulated experience, we have manufactured a 2-telecope ABCD unit and a 4-telescope DBC, based on a zig-zag array of coupled waveguides [3] . We calibrated the monochromatic V2PM
4 of both components at the wavelength of 3.39 µm and proved the capability of both our prototypes to retrieve precisely the amplitude of the visibility with signal to noise ratios in the range from 10 to 25 with about 1500 counts per input channel and exposure. Phase could also be retrieved with a precision better than 80 nm, which reaches the positioning precision of the used delay line. By means of numerical simulation of the fringe retrieval algorithm we show that the manufactured components are about a factor 2 below the performance of the ideal combiners. We find that the origin of the non-ideality is mostly related to bending losses (ABCD) and the effect of tensile stresses arising from the ULI process (DBC). The characterization of the samples with polychromatic light is discussed in the companion poster.
FABRICATION OF SAMPLES
The tested devices were manufactured by ultrafast laser inscription (ULI) in Gallium Lanthanum Sulfide (GLS) substrates, 5 a glass having a transparency window extending from the visible down to the mid-infrared (cut-off wavelength 9-10 µm). Intense laser irradiation through ULI induces permanent, local structural modifications in GLS which induce a local refractive index enhancement. By scanning the substrate under the laser beam three dimensional (3D) waveguiding structures can be manufactured.
The laser source of our ULI setup is an amplified Yb:KGW laser (PHAROS, Light Conversion) emitting 200 fs pulses at a wavelength of 1026 nm with a settable repetition rates up to 1 MHz. The beam is passed through a a rotatable λ/2-plate and a linear polariser to precisely tune the laser power. To avoid the formation of nanogratings 6 in the material we converted the beam polarisation to circular by means of a λ/4-plate placed just before NA = 0.35 microscope objective which focuses light in the GLS substrate. A movable 3-axis nano-positioning stage allowed positioning in 3D of our samples with sub-100 nm precision.
We manufactured waveguides with rectangular cross section (9.4µm ×24.8µm) using the multipass writing technique. 7, 8 Each waveguide is composed by 21 lines laser passes separated by 300 nm. Writing parameters were chose to irradiate the material at a translation speed of 1 mm/s with pulses of 500 fs duration and 80 nJ energy with a repetition rate of 500 kHz. The resulting waveguides had a single mode behaviour at a wavelength of 3.4 µm (18.6 µm ×21.7µm mode field diameter) and featured a propagation loss of 0.7-0.8 dB/cm. We used this waveguides to manufacture a 3D ABCD combination unit and a discrete beam combiner for 4 telescopes. Waveguides with losses down to 0.3 dB/cm were manufactured by reducing the writing speed and reducing the number of passes by increasing their lateral separation. These waveguides were not integrated in the beam combiners yet. 
2-telescope ABCD combiner units
ABCD beam combination is an implementation of a 4-levels phase shifting interferometric scheme allowing to determine unambiguously the phase of an interference pattern. 10 In static ABCD units, such as the GRAV-ITY beam combiner, 11 the temporal fringe is sampled at 4 equidistant phases separated by π/2. The static ABCD combination unit accomplishes the sampling by means of a 2-level architecture of waveguide splitters and combiners.
1 To achieve the ABCD sampling, a tapered waveguide is inserted between the two levels of splitter/combiners in one of the waveguides feeding one of the output 2x2 couplers. Because of the different propagation constant, the tapered waveguide introduces a π/2 phase shift respect to all other waveguides, thus allowing the ABCD sampling of the fringe. Planar IO ABCD combiner units require a waveguide X-crossings, which introduce cross-talk between the four output channels. This limitation can be lifted by 3D manufacturing techniques such as ULI, as illustrated in the scheme of Fig. 1(a) which we implemented in our ABCD units. The splitters at the first level (indicated by 1 and 2 in Fig. 1(a) ) are based on the template of the 2x2 directional coupler we recently developed in GLS glass. 12 The π/2 phase delay was introduced on one output waveguide of coupler 1 by a local variation of the writing speed (red segment in Fig. 1(a) ). While the design is not yet optimised, we mention that all s-bends had radii of curvature larger than 26 mm, in order to ensure losses below 1 dB per s-bend. 
4-telescope discrete beam combiner

Discrete beam combiners (DBC,
2 ) accomplish multitelescope interferometric beam combination exploiting the properties of arrays of evanescently coupled waveguides (photonic lattices). To effectively measure interferometric observables it is sufficient that photonic lattices feature coupling beyond the nearest neighbour, 13 as in the case of waveguides arranged on a two-dimensional lattice. Both monochromatic 14 and polychromatic 15 operation of 3-telescope DBC was demonstrated with square arrays of waveguides, the latter mode requiring low-resolution dispersion (R ∼ 50) of the output channels. In our present work we enabled the possibility to use DBC for high-resolution spectro-interferometry (R > 1000) exploiting a zig-zag photonic lattice ( Fig. 1(b) and (c) ), which satisfies the requirement of next-nearest-neighbour coupling and the possibility to disperse the output without limits. 16 The manufactured sample features two interlaced linear arrays with a total of 23, 25-mm-long straight waveguides (see Fig. 1(b) and (c) ). The lattice has a core-to-core separation between the waveguide of h = 21µm and v = 10.8µm in the horizontal and vertical directions respectively, while the upper array is shifted horizontally by s = h = 10.5µm respect to the bottom one. The black cores in Fig. 1(c) indicate the location of the four 25-mm-long input waveguides ensuring the optimal excitation of the photonic lattice. To achieve a symmetrization of the spreading of light in the array, we had to compensate for ULI-induced mechanical stresses in the substrate by increasing at each site number the inscription velocity by +0.075 mm/s. 
MONOCHROMATIC CALIBRATION AND TEST OF THE INTERFEROMETRIC PERFORMANCE OF THE BEAM COMBINERS
The monochromatic V2PM of the manufactured components was calibrated at a wavelength of 3.39 µm according to the method discussed in Saviauk et al. 2013, 15 which consists in recording the photometry of the output channels of the device for single beam and twin-beam, phase modulated excitation. Once the V2PM is calibrated, its pseudo-inverse (known as P2VM) can be calculated and used to retrieve the visibility and phase of the fringes generated by input pairs of beams. The stability of the interferometric retrieval algorithm was thus tested against the real sources of experimental noise.
All required datasets (for calibration and interferometric retrieval) were recorded with a InSb camera imaging the output facet of the combiners excited by two phase modulated beams, which were obtained with a motorised Michelson interferometer. The motorised delay line allowed to tune the optical path between the beams with an accuracy better than 100 nm. The two beams were focused by a lens onto separate input waveguides of the component under investigation by slightly tilting one beam respect to the other.
The retrieved amplitudes phases of the visibility for the 2-telescope ABCD combination unit are shown in Fig. 2(a) and (b) . The retrieved the visibility amplitude is V 1,2 = 1.06 ± 0.05 corresponding to a signal to noise ratio (SNR, defined as the mean visibility divided by its standard deviation) of 19. The residuals of a linear fit of the unwrapped interferometric phase (Fig. 2(b) ) had a standard deviation of σ = 0.14 rad, corresponding to a precision λ/40. This is about the accuracy of the delay line positioning system. Notice that to stabilise the retrieval algorithm (condition number of the ideal V2PM of a 2-telescope ABCD combiner is infinite) we had to electronically filter the fringes to reject the readout noise of the InSb camera and apply the algorithm described in Tatulli et al. 2007 4 rather than applying the P2VM directly to the experimental datasets.
Because of the small condition number (CN=23), the V2PM of the 4-telescope DBC featured better numerical stability, as the noise filtering was not required to retrieve visibility amplitude and phase by directly applying the P2VM to the data (see Fig. 3 and 4) . The retrieved quadratures of the visibility are scattered around circles of radius V i,j = 0.86 − 1.02 with a standard deviation depending on the chosen input pair. The SNR of the visibility measurement varies from 10 to 20 (see Fig. 3 ). The linear phase ramp is also retrieved correctly with a standard deviation from linearity ranging from σ = 0.12 to σ = 0.19 (corresponding to λ/50 and λ/30, respectively).
In all the presented measurements the total number of counts per exposure was about 1500 counts for each input channel with a readout-noise standard deviation of 7 counts per pixel.
DISCUSSION OF THE RESULTS AND OUTLOOK
The presented data demonstrate the capability of the manufactured IO beam combiners can retrieve precisely visibility and phase with a simple P2VM algorithm. Even tough the flux and noise level in our experiments are comparable to on-sky environments, a true estimate of the sensitivity of the two devices could not be made due to lack of absolute photon flux calibration. Better insight on the beam combiner sensitivity is possible with help of numerical simulation.
We estimated the visibility amplitude SNR by means of the algorithm described in details in Errman&Minardi 2016 17 which consists in a Monte-Carlo estimate of the retrieved fringe visibility from a fully coherent input (V = 1). The simulation was run with the experimentally calibrated V2PM/P2VM as well as the ideal ones.
The results of the simulations are illustrated in Figure 5 for the 2-telescope ABCD combiner (Fig. 5(a) ) and the 4-telescope DBC (Fig. 5(b) ). The blue lines represent the expected SNR for the ideal combiner, while the red lines represent the results for the experimentally measured V2PM. The multiple lines appearing in the DBC simulation correspond to different input combinations (baselines), which represents a peculiar feature of this architecture and is discussed more in detail in Ref., 17 along with the potential applications to high precision interferometry. The gap between the red and blue lines indicates that the manufactured components are not optimal. The ideal combiners have a SNR higher by a factor 3.1 and 2.1 than the experimental 2-telescope ABCD combiner and the 4-telescope DBC, corresponding to a potential sensitivity increase of +2.5 and +1.6 astronomical magnitudes for the optimised ABCD and DBC. Regarding the relative sensitivity of the chosen architectures, the fact that for fixed number of photons the ABCD combiners show higher SNR than DBC is mostly due to the fact that the number of combined fields is different. Because light from each input of a N-telescope beam combiners is split N-1 times, the signal-to-noise ratio of the visibility scales as ∝ I 0 /(N/1), I 0 being the input detected flux per telescope. 18 With this scaling and assuming equal insertion l losses for the two IO components we conclude that the manufactured chips have comparable sensitivity (SNR∼ 70 for 10 5 detected photons/telescope/exposure).
Even though development is still in progress, the presented results in monochromatic light are a significant step forward towards the extension to the mid-infrared bands of integrated optics for multi-telescope astrointerferometry. The performance of the devices with polychromatic light are presented in a companion paper in these Proceedings (Tepper et al. 2018 ).
Because simulations indicate that there is room for improvement, we are currently working on the optimisation of the manufacturing process 3 to obtain better components. As a general limitation of the ULI technology we mention the relatively low index contrast of the manufactured waveguides (∆n ∼ 10 −5 ) which results in high bending losses (∼ 1 dB for an S-bend with radius of curvature ∼ 30 mm). This is especially critical for the development of multi-telescope ABCD combiners, requiring a large number of bended waveguides. Detected photon number /telescope /exposure Figure 5 . Results of a Monte-Carlo simulation of the performance of the manufactured (red) and ideal (blue) beam combiners in the presence of photon shot noise (see details in the text). The signal-to-noise ratio of the retrieved visibility amplitude is plotted against the detected number of photons per input channel and exposure for the 2-telescope ABCD combiner (a) and the 4-telescope DBC (b). In the case of the 4-telescope beam combiner different lines correspond to individual baselines. [From Diener et al. 2017 9 ]
